In oxygenic photosynthetic organisms the PSI-C polypeptide, encoded by the psaC gene, provides the ligands for two centers, FA and FB, the terminal electron acceptors in the photosystem I (PSI) complex. An insertion mutation introduced in the psaC locus of the filamentous cyanobacteriumAnabaena variabils ATCC 29413 resulted in the creation of a mutant strain, T398-1, that lacks the PSI-C polypeptide. In medium supplemented with 5 mM fructose, the mutant cells grew well in the dark. However, when grown in the same medium under light, the doubling rate of T398-1 cells was significantly decreased. In intact cells of T398-1, bicarbonatedependent whole-chain electron transport (PSII and PSI) could not be detected, although partial electron transport reactions involving either one of the two photosystems could be measured at significant rates. The low-temperature EPR signals attributed to the [4Fe-4S] centers FA and FB were absent in the mutant cells. Chemical titration measurements indicated that the ratios of chlorophyll to the primary donor P700 were virtually identical in membranes from the wild-type and mutant cells. Moreover, room-temperature optical spectroscopic analysis of the thylakoid membranes isolated from T398-1 showed flash-induced P700 oxidation followed by dark rereduction, indicating primary photochemistry in PSI. Thus stable assembly of the reaction center of PSI can occur in the absence of the Fe-S cluster cofactors FA and FB. These studies demonstrate thatAnabaena 29413 offers a useful genetic system for targeted mutagenesis of the PSI complex.
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Photosystem I (PSI) is a membrane-bound pigment-protein complex that mediates electron transfer from reduced plastocyanin and cytochrome c553 to ferredoxin. Biochemical and biophysical analyses of thylakoid membranes and isolated PSI particles from cyanobacteria and higher plants have helped in formulating the functional organization of redox intermediates involved in the transfer of electrons from P700, the reaction-center chlorophyll(s) (Chl) of PSI, to ferredoxin.
Five different electron-transfer intermediates-namely, A0, Al, Fx, FA, and FE-Nare known to be involved in electron transfer from P700 to ferredoxin (reviewed in ref. 1) . AO and Al are believed to be a monomeric Chl and a phylloquinone, respectively, whereas Fx, FA, and FB are all iron-sulfur (4Fe-4S) clusters (1, 2) . The apoproteins of these cofactors have been identified. According to the current model, P700, AO, Al, and Fx are coordinated in the heterodimer of PSI-A and PSI-B polypeptides, whereas the iron-sulfur centers FA and FB are located on a single 9-kDa polypeptide (PSI-C), the product of the psaC gene (1) .
In recent years, site-directed mutagenesis has been used to create targeted mutations in various protein components of the photosystem II (PSII) complex of the unicellular cyanobacterium, Synechocystis sp. PCC 6803 (reviewed in ref. 3) . These mutants are capable of photoheterotrophic growth in the absence of PSII-mediated electron transport activity. Similar molecular genetic analysis is expected to provide valuable information regarding the function of various proteins of PSI. However, employing the strategy used for the PSII complex to carry out site-specific mutagenesis of genes encoding PSI polypeptides has, so far, been unsuccessful in creating any mutant that completely lacks PSI activity. For example, in Synechocystis 6803, the psaD and psaE genes, encoding PSI-D and PSI-E, two peripheral proteins of PSI, have been insertionally inactivated (4, 5) . The mutant strain lacking the PSI-E polypeptide shows only a minor difference in growth under photoautotrophic condition, and its PSI activity is comparable to that of wild type. The psaD deletion mutant also shows photoautotrophic growth, albeit at a reduced rate. However, attempts to mutagenize the genes encoding the two reaction-center polypeptides, PSI-A and PSI-B, the products ofpsaA and psaB genes in the unicellular cyanobacterium Synechococcus sp. PCC 7002, have been unsuccessful (6, 7) . The cells carrying mutagenizedpsaA and psaB genes also maintain copies of the wild-type genes. Failure ofthese alleles to segregate has been interpreted as an indication that cells lacking functional PSI are not viable.
Our research objective is to develop an experimental system for "reverse genetic" analysis of various PSI proteins. (9) . Moreover, positive selection vectors have been constructed so that gene replacement mutations may be created via homologous double reciprocal recombination (10) .
In this report, we describe the creation and characterization of a targeted PSI-deficient mutant of this organism, T398-1, in which the psaC gene, encoding the PSI-C protein, has been interrupted by the introduction of a neomycinresistance (Nmr) gene cartridge in the coding region. (pH 8.2) . Stock solutions of neomycin (Nm), spectinomycin (Sp), streptomycin (Sm), and fructose were filter-sterilized and added to both the liquid and the solid media at final concentrations of 50 ,kg/ml, 2.5 pug/ml, 2 ,ug/ml, and 5 mM, respectively. To measure cell growth, filaments were sonicated to generate two-to six-cell fragments and used to determine scattering at 730 nm on a DW2000 spectrophotometer (SLM Aminco).
E. coli cells were grown at 37°C in Luria broth (12) . Southern Hybridization. Genomic DNA from Anabaena 29413 cells was isolated essentially as described (10) . Plasmid DNA was isolated by an alkaline lysis method (12) . For Southern hybridization analysis, DNA fragments fractionated in 0.8% agarose gels were transferred onto nitrocellulose membrane (Schleicher & Schuell, 0.45 ,um) and hybridized to random-primed, 32P-labeled probe (13) . Hybridization was at 58°C in 6x NET (900 mM NaCl/180 mM Tris Cl, pH 7.5/6 mM Na2EDTA) and was followed by four washes in 2x NET at room temperature. Other routine DNA manipulations were performed essentially as described (12) .
Mutagenesis of psaC Gene. Conjugal transfer of exogenous DNA was carried out according to Elhai and Wolk (9) . The conjugation involved triparental mating between two E. coli strains, SL399 and SL374, and Anabaena cells. SL399 contained the donor plasmid pSL398 and a helper plasmid pRL528 whereas SL374 contained the helper plasmid pRL443 (9) . In the psaC interruption mutant of Anabaena 29413, the psaC: :Nmr construct replaced the wild-type psaC gene in the chromosome via a double reciprocal recombination event (see Results).
Protein Analysis. Thylakoid membranes were isolated essentially as described (14) . Polypeptide profiles of thylakoid membranes from wild-type and T398-1 cells were analyzed by SDS/PAGE in 16-22% gradient gels containing urea (15 Esmation of Pigment Composition. Chl estimation in the isolated thylakoid membranes was made in 80%o acetone (17) . The Chl/P700 ratio of the thylakoid membranes was determined according to Mullet et al. (18) , with the following modifications. Thylakoid membranes were resuspended in 20 mM Tris Cl, pH 7.5/20 mM KCl/1% (vol/vol) Triton X-100 to a final Chl concentration of 25 ,ug/ml. K3Fe(CN)6 and sodium ascorbate (Asc) were used at final concentrations of 0.5 mM and 5 mM, respectively. The extinction coefficient for P700 in the presence of Triton X-100 determined by Sonoike and Katoh (19) was used.
Measurement of Photosynthetic Electron Transfer Reactions. A Clark-type oxygen electrode was used to measure the rates of photosynthetic electron transfer reactions at 30°C with saturating red (CS 2-63, Corning) light (3500 ,E m 2 s-1). Filaments from exponentially growing cultures of wild-type and T398-1 strains were pelleted by centrifugation at 3000 x g for 5 min (room temperature) and the pellets were resuspended in 20 mM Tris Cl (pH 7.0). Whole-chain electron transport (PSII and PSI) was measured in the presence of 10 mM NaHCO3. PSII-specific electron transport was measured in the presence of 0.1 mM 2,6-dichloro-pbenzoquinone (DCBQ) and 1 mM K3Fe(CN)6. PSI electron transport was measured in medium containing 50 ,uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea, 1 mM Asc, 2 mM methyl viologen (MV), and 1 mM 3,6-diaminodurene (DAD, Fluka). The samples were adjusted to a final Chl concentration of 10 ,g/ml (20) .
RESULTS
Insertional Inactivation of the psaC Gene. In Anabaena 29413 the psaC gene, encoding the apoprotein for the two [4Fe-4S] centers, FA and FB, is present in a single copy in the chromosome and is transcribed as a monocistronic mRNA. Molecular cloning and sequencing ofpsaC as well as analysis of its transcription will be reported elsewhere (34) . Here we describe a site-directed mutant in which psaC has been inactivated.
The scheme for the inactivation of psaC is shown in Fig.  1A . A 1.1-kbp Sal I fragment from the plasmid pRL442, containing the Nmr gene cartridge (21) , was inserted at a Bsm I site in the coding region of psaC. The resultant plasmid, pSL377, was digested with Kpn I and HindIII, and the 4.6-kbp fragment containing the interrupted psaC gene was cloned at the unique BstEII site of the shuttle vector pRL277 (a gift from Y. Cai and C. P. Wolk, Michigan State University), thus creating the plasmid pSL398. The E. coli strain SL399 containing this plasmid and a second E. coli strain, SL374, were then used in triparental mating with Anabaena 29413 cells and the resultant Nmr cyanobacterial colonies were further analyzed to find the desired mutant. pSL398, a derivative of pRL277, cannot replicate in Anabaena cells, since it lacks any cyanobacterial replicon (9) . Hence, the Nmr cells must have the plasmid (or a part of it) integrated into the chromosomal DNA via homologous recombination with the chromosomal fragment in the plasmid (10 Cyanobacteria contain multiple copies of their chromosome in each individual cell (22) . Repeated sonication and plating of T398-1 cells on medium containing Nm and fructose under illuminated condition failed to segregate the mutant allele of psaC to a homozygous condition, as evidenced from Southern analysis of chromosomal DNA (data not shown). However, dark incubation of these cells in the presence ofNm and fructose resulted in complete segregation of the interrupted allele. Southern analysis (Fig. 1B) showed that the psaC probe hybridized to a 1.1-kbp Dra I (lane 1) and a 3. Fig. 1A ). Thus, the wild-type allele of psaC is absent from the T398-1 cells.
Growth Properties of the T398-1 Cells. The mutant cells could grow in the dark when fructose was added to the growth medium (Table 1 Fig. 2A, lane 2) . The same antibodies, however, recognized the 9-kDa PSI-C protein in the wild-type membrane ( Fig. 2A, lane 1) . When different strips of the same blot were probed with polyclonal antibodies raised against the PSI-A/B polypeptides from Synechococcus 7942 (Fig. 2B ) and the D1 polypeptide of spinach PSII (Fig. 2C) (1, 23) . Under identical conditions, none of these four signals was observed in membranes from T398-1 (Fig. 3B) . 
The Chl concentration of the T398-1 sample was 2.2-fold higher than that of the wild-type sample. We conclude that both FA and FB are missing from the membranes of T398-1.
A small signal at g = 1.91 was observed in the mutant membrane, which is presumably hidden under the larger signals from FA and FB in the wild-type membrane. A signal at g = 1.92 has been observed in whole cells ofAphanocapsa and has been ascribed to an iron-sulfur center in an NAD-(P)H:quinone oxidoreductase (24) . Composition of Pigments. Chemical difference spectra of membrane samples indicated that the Chl/P700 ratio was similar in the wild-type and mutant cells (Table 1) . Thus, the absence of the PSI-C protein and FA/FB did not affect the concentration of PSI reaction centers in the mutant cells.
Measurement of Photosynthetic Electron Transfer Reactions. Table 1 shows the rates of whole-chain (PSII and PSI) as well as partial (PSII or PSI) reactions of photosynthetic electron transport in intact cells of wild-type and mutant strains. In the mutant cells, the whole-chain electron transport reaction measured in terms of light-mediated, bicarbonate-dependent 02 evolution was completely absent. Instead we observed 02 uptake, presumably due to respiration. When DCBQ and Fe(CN)3-were present as electron acceptors for PSII, similar rates of 02 evolution in the wild-type and mutant strains were observed. Thus, PSII was not affected in these mutant cells. In addition, rates of light-induced electron transfer from DAD/Asc to MV, mediated by the PSI reaction center, were similar in the wild-type and mutant cells. These data are consistent with the presence of a functional electron transport system that includes Fx in PSI of T398-1. Time-Resolved Optical Spectroscopic Analysis. The ability of P700 to undergo photooxidation and subsequent rereduction due to back reactions between reduced donor(s) and P700' was investigated by monitoring flash-induced absorbance transients in the near infrared (25) . The rapid flashinduced absorbance decrease at 706 nm (due to the formation of P700k) recovered with a half time of 45-50 ms (Fig. 4A ).
These recovery kinetics correspond to those of the back reaction between FA-/FB-and P700' (1) . In comparison, the kinetics of P700 recovery were significantly faster (t1/2 = 1-3 ms) in the T398-1 membrane sample. This rapid rereduction is consistent with the absence ofboth FA and FB in the mutant membranes, resulting in a faster back reaction between P700' and an earlier acceptor, presumably Fx (1) .
The flash-induced absorbance decrease was smaller in the mutant sample as compared to the wild-type sample, although chemical difference spectra indicate that the Chl/ P700 ratio is similar in the wild-type and mutant cells. This apparent discrepancy may be explained by the presence of a rapidly decaying component of the flash-induced signal that is not detected under our experimental conditions. Fig. 4C shows the spectrum ofthe flash-induced absorption changes in the wild-type and T398-1 mutant membranes, respectively. The position of the peak was between 705-706 nm in the wild-type membranes, whereas it was at 704 nm in the mutant sample.
DISCUSSION
In this study we demonstrate that it is possible to create PSI-deficient mutants in the filamentous cyanobacterium Anabaena 29413. The ability of this organism for dark chemotrophic growth makes it an ideal candidate for the creation of photosynthesis-deficient mutants. Availability of a conjugation-mediated gene-transfer system for this cyanobacterium has allowed us to create a targeted mutation to inactivate the psaC gene. The resultant mutant T398-1 lacked the PSI-C protein and its associated cofactors FA and FB and consequently lost its PSI-mediated electron transfer activity from P700 to ferredoxin and subsequent electron acceptors. These genetic studies complement the biochemical reconstitution experiments of Golbeck and coworkers (1, 6) that have led to a definition of the PSI-C protein in the organization of the FA and FB iron-sulfur centers. Among the filamentous cyanobacteria, most of the gene inactivation experiments in the past have been performed in Anabaena 7120 (26) (27) (28) (29) though 79o of the gene toward the 5' end was still unmodified. The reaction center of PSI was assembled in the thylakoid membranes of the mutant strain in the absence of PSI-C, the apoprotein for the terminal electron acceptors in PSI. The evidence supporting this are (i) the presence of PSI-A/B polypeptides detected through immunoblot analysis (Fig. 2B) , (ii) time-resolved optical spectroscopic data showing formation of P700' (Fig. 4) , and (iii) light-induced PSImediated electron transfer from DAD/Asc to MV ( Table 1 ).
The majority of the PSI -mutants of other organisms, generated in the past by random mutagenesis, lack the PSI-A/B proteins. For example, a large number of PSI-deficient mutants of Chlamydomonas reinhardtii have been characterized by the lack of the reaction-center proteins (PSI-A and PSI-B) and a set of six low molecular weight proteins of PSI (32, 33) . On the other hand, targeted psaD and psaE mutants of Synechocystis 6803 have assembled PSI complexes (4, 5). However, both of these mutants are capable of photoautotrophic growth, implying that they have PSI-mediated electron transfer activities. Although PSI-D and PSI-E polypeptides are components of PSI, they do not bind any of the known electron-transport intermediates. In contrast, the PSI-C protein binds two cofactors, FA and FB. Past studies on inactivation of different PSII proteins that bind various electron-transport intermediates in Synechocystis 6803 indicate that in all of these mutants, PSII reaction-center activity is absent (3). To our knowledge, T398-1 is the first cyanobacterial photosynthesis-deficient mutant in which complete loss of an apoprotein for one or more cofactors did not affect the formation and stability of the reaction center. A possible reason is that the PSI-C protein is an extrinsic membrane protein, whereas all of the PSII cofactor-binding proteins studied are membrane-integral.
